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DGYDQWDJHVRIKLJKGDPDJHWROHUDQFHUHF\FODELOLW\DQGWKHUPRIRUPLQJE\IXVLRQRIWKHWKHUPRSODVWLF>@$OVR
WKHUPRSODVWLF FRPSRVLWHV FDQ EH MRLQHG E\ ZHOGLQJ IRU H[DPSOH UHVLVWDQFH LQGXFWLRQ XOWUDVRQLF DQG ODVHU
WUDQVPLVVLRQZHOGLQJ:HOGLQJKDV WKHDGYDQWDJH WKDW WKH UHLQIRUFHPHQW ILEUHVDUHQRW LQWHUUXSWHGDV LWZRXOGEH
QHHGHGIRUULYHWLQJDQGQRH[WHQVLYHVXUIDFHSUHSDUDWLRQLVQHHGHGDVLWLVIRUDGKHVLYHERQGLQJ>@
)RUODVHUWUDQVPLVVLRQZHOGLQJRQHRIWKHMRLQLQJPHPEHUVKDVWREHWUDQVSDUHQWIRUQHDULQIUDUHGODVHUUDGLDWLRQ
6RWKHDSSOLHGUDGLDWLRQFDQSDVVWKHXSSHUSDUWDQGLVDEVRUEHGE\WKHORZHUSDUW*)53EHFRPHVDEVRUELQJZKHQ
WKHPDWUL[PDWHULDO FRQWDLQV FDUERQEODFN7KH DEVRUEHG UDGLDWLRQ LV FRQYHUWHG LQWR KHDWZKLFKPHOWV WKHPDWUL[
PDWHULDO'XHWRKHDWFRQGXFWLRQWKHWUDQVSDUHQWMRLQLQJPHPEHUDOVREHFRPHVPROWHQ,QRUGHUWRVXSSRUWWKHKHDW
FRQGXFWLRQEHWZHHQWKHSDUWVDFODPSLQJSUHVVXUHKDVWREHDSSOLHG

7KH ODVHU WUDQVPLVVLRQ ZHOGLQJ FDQ EH GLYLGHG LQWR IRXU EDVLF WHFKQLTXHV FRQWRXU TXDVLVLPXOWDQHRXV
VLPXOWDQHRXVDQGPDVNZHOGLQJ)RUFRQWRXUZHOGLQJWKHODVHUEHDPLVJXLGHGRYHUWKHZHOGVHDPRQFHE\DUHODWLYH
PRYHPHQWEHWZHHQZHOGLQJKHDGDQGZRUNSLHFH7KLVZHOGLQJWHFKQLTXHFDQEHDSSOLHGWRJHQHUDWHORQJDQGWKUHH
GLPHQVLRQDOZHOGVHDPV'XULQJTXDVLVLPXOWDQHRXVZHOGLQJWKHODVHUEHDPLVJXLGHGE\PLUURUVLQDVFDQQHURSWLF
VHYHUDOWLPHVRYHUWKHZRUNSLHFHZLWKDKLJKVSHHG7KHDGYDQWDJHRIWKLVZHOGLQJPHWKRGLVLWVKLJKJDSEULGJH
FDSDELOLW\ EXW WKHPD[LPXPZHOG VHDP OHQJWK LV OLPLWHG E\ WKH VFDQQHU RSWLF > @ 7KHZHOG VHDP TXDOLW\ LV
DIIHFWHGE\WKHZHOGLQJWHFKQLTXHFRPELQHGZLWKWKHDSSOLHGFODPSLQJSUHVVXUHDVZHOODVWKHPDWHULDO LWVHOI7KH
WUDQVSDUHQF\ RI WKH XSSHU SDUW GHSHQGV RQ WKH NLQG RI PDWUL[ PDWHULDO DQG LWV UHLQIRUFHPHQWV *ODVV ILEHUV IRU
H[DPSOHVFDWWHUWKHUDGLDWLRQVROHVVUDGLDWLRQZLOOUHDFKWKHZHOGLQJ]RQHFRPSDUHGWRXQUHLQIRUFHGPDWHULDOV7KLV
KDV WREH WDNHQ LQWRDFFRXQWE\SURFHVVGHVLJQ >@)XUWKHUPRUH WKHPDWUL[PDWHULDOFDQ LQIOXHQFH WKHZHOGVHDP
TXDOLW\E\LWVPRLVWXUHFRQWHQW3RO\DPLGHDQGSRO\HWKHULPLGH3(,DEVRUEPRLVWXUHIURPWKHLUVXUURXQGLQJV)RU
H[DPSOHWKHPDWHULDOEUDQG8/7(0ZKLFKLVDQXQUHLQIRUFHG3(,REWDLQVDPRLVWXUHFRQWHQWRIDURXQG
ZLWKLQKRXUVDW&7KHPD[LPXPPRLVWXUHDEVRUSWLRQLV>@
7KHLQIOXHQFHRIPRLVWXUHRQWKHZHOGVHDPTXDOLW\ZDVLQYHVWLJDWHGIRUGLIIHUHQWZHOGLQJWHFKQLTXHVDQGPDLQO\
IRUXQUHLQIRUFHGDQGVKRUWILEHUUHLQIRUFHGWKHUPRSODVWLFV)LVFKHUHWDOH[SORUHGWKDWWKHQXPEHURIFDYLWLHVLQWKH
ZHOGVHDPLQFUHDVHZLWKLQFUHDVLQJPRLVWXUHFRQWHQWIRUKRWDLUZHOGHGSRO\YLQ\OFKORULGH)XUWKHUPRUHWKH\IRXQG
RXW WKDW LQFUHDVLQJ WKH ZHOGLQJ WHPSHUDWXUH DQG UHGXFLQJ WKH ZHOGLQJ VSHHG UHGXFHV WKH QXPEHU RI FDYLWLHV E\
HQKDQFHGGHJDVVLQJ>@+RSPDQQHWDOKDYHVWXGLHGWKHLQIOXHQFHRIPRLVWXUHRQXOWUDVRQLFZHOGHGSRO\DPLGH
ZLWK WKH UHVXOWV WKDW PRLVWXUH GHFUHDVHV WKH VHDP VWUHQJWK EXW HQKDQFHV WKH KRPRJHQHLW\ RI WKH ZHOG VHDP
PRUSKRORJ\ >@ $QRWKHU VWXG\ ZDV FRQGXFWHG E\ .DJDQ HW DO IRFXVLQJ RQ ODVHU ZHOGLQJ RI SRO\DPLGH 7KH\
LQYHVWLJDWHGWKDWWKHUHLVQRGLIIHUHQFHLQWKHLQIOXHQFHRIPRLVWXUHIRUXQUHLQIRUFHGDQGVKRUWJODVVILEHUUHLQIRUFHG
SRO\DPLGH>@:LSSRHWDOLQYHVWLJDWHGWKHHIIHFWRIPRLVWXUHLQJODVVDQGFDUERQILEHUIDEULFUHLQIRUFHG3(,IRU
TXDVLVLPXOWDQHRXVZHOGLQJ,QWKHVHLQYHVWLJDWLRQVDWKUHHOD\HUJODVVILEHUIDEULFUHLQIRUFHG3(,*)3(,DVZHOO
DVDIRXUOD\HUJODVVILEHUIDEULFUHLQIRUFHG3(,FRQWDLQLQJFDUERQEODFN*)3(,FEZDVXVHG7KHPDWHULDOVZHUH
FRQGLWLRQHGIRUGD\VLQGLVWLOOHGZDWHU³ZHW´DQGDWDLUKXPLGLW\³$+´7KHZHLJKWRIWKHILUVWGULHGPDWHULDO
LQFUHDVHG DIWHU FRQGLWLRQLQJ WKHUHIRUH WKH*)3(,ZHW VDPSOHV REWDLQHG DPRLVWXUH FRQWHQW RI0ZHW  
)LJ3ULQFLSOHRIDODVHUWUDQVPLVVLRQZHOGLQJSURFHVV
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ZHW DQG WKH DLU KXPLGLW\ VDPSOHVZHUH REVHUYHG WR KDYH D ORZHUPRLVWXUH FRQWHQW0$+  $+ 7KH
PRLVWXUHFRQWHQWRI*)3(,FEZDV0ZHW ZHWDQG0$+ 'LIIHUHQFHV LQ WKHZHOGLQJVSHHG
ODVHU SRZHU QXPEHU RI UHSHWLWLRQV DQG RYHUDOO ZHOGLQJ SURFHVV WLPH UHVXOWHG LQ GLIIHUHQW UHVXOWV IRU GULHG DQG
PRLVWXUH FRQWDLQLQJ PDWHULDO 7KH\ IRXQG RXW WKDW PRLVWXUH FDQ KDYH D SRVLWLYH HIIHFW RQ WKH VHDP VWUHQJWK E\
DYRLGLQJRYHUKHDWLQJRIWKHPDWUL[PDWHULDO)XUWKHUPRUHWKHFDYLWLHVGRQRWDOZD\VKDYHDGLUHFWFRQQHFWLRQWRWKH
LQWHUIDFHEHWZHHQWKHSDUWVGXHWRWKHILEHUEXQGOHVRIWKHIDEULFDQGWKHUHIRUHWKLVODFNRIFRQQHFWLRQUHGXFHGWKH
LQIOXHQFHRQWKHVHDPVWUHQJWK>@)XUWKHULQYHVWLJDWLRQVZLWKDFDUERQILEHUIDEULFUHLQIRUFHG3(,DVDQDEVRUELQJ
PHPEHUKDYHVKRZQ WKDWDKLJKZHOGLQJVSHHGFRPELQHGZLWKDKLJKQXPEHURI UHSHWLWLRQV UHVXOW LQDVWDWLVWLFDO
FRQYHUJHQFHEHWZHHQGU\DQGZHWVDPSOHV>@7KHUHIRUHLWZDVVKRZQWKDWWKHFRQGLWLRQLQJW\SHKDVDQLQIOXHQFH
RQ WKH ZHOG VHDP VWUHQJWK GHSHQGLQJ RQ WKH ZHOGLQJ SDUDPHWHUV > @ &RPSRVLWH SDUWV DUH RIWHQ ODUJH DQG
WKHUHIRUHFRQWRXUZHOGLQJZRXOGEHWKHFKRVHQZHOGLQJPHWKRGWRMRLQWKHP7KHUHIRUHWKHDXWKRUVLQYHVWLJDWHGWKH
LQIOXHQFHRIPRLVWXUHFRQWHQWRQFRQWRXUZHOGHGIDEULF UHLQIRUFHG3(,$OVR LQ WKHVHH[SHULPHQWV WKH ODVHUEHDP
JHRPHWU\ZDVYDULHGLQRUGHUWRREWDLQGLIIHUHQWWLPHIUDPHVLQZKLFKWKHWKHUPRSODVWLFPDWHULDOVWD\VPROWHQZLWK
WKHJRDOWRHQKDQFHGHJDVVLQJRIWKHPRLVWXUH
([SHULPHQWDO6HWXS
)RU WKH H[SHULPHQWV JODVV ILEHU IDEULF UHLQIRUFHG 3(, &(7(; IURP7HQFDWH$GYDQFHG&RPSRVLWHV%9ZDV
XVHG 7DEOH 7KH PDWHULDO KDV D JODVV WUDQVLWLRQ WHPSHUDWXUH RI 7J & DQG D PHOWLQJ WHPSHUDWXUH RI
7P &7KHPD[LPXPPRLVWXUHSLFNXSRIWKHFRPSRVLWHLVOLVWHGDV>@DQGWKHPDWUL[PDWHULDOLWVHOILV
OLVWHGZLWKPD[LPXPPRLVWXUHDEVRUSWLRQRI>@,QRUGHUWRGHWHUPLQHWKHLQIOXHQFHRIPRLVWXUHRQWKHZHOG
VHDP TXDOLW\ DOO PDWHULDOV ZHUH FRQGLWLRQHG ,Q D ILUVW VWHS WKH PDWHULDO ZDV GULHG DW 7 & IRU  KRXUV
6DPSOHVZHOGHGGLUHFWO\ DIWHU GU\LQJZHUH GHILQHG DV ³GU\´7KHQ VDPSOHVZHUHSODFHG LQWR GLVWLOOHGZDWHU IRU D
GLIIHUHQWQXPEHURIGD\V7KHVHVDPSOHVZHUHFODVVLILHGDV³ZHW´$OVRVDPSOHVZHUHVWRUHGDWURRPWHPSHUDWXUHDW
DLUKXPLGLW\7KHVHVDPSOHVZHUHFODVVLILHGDV³$+´IRUDLUKXPLGLW\7KHUHIRUH WKHFRQGLWLRQLQJZDVFRQGXFWHG
UHODWHGWR:LSSRHWDO>@LQRUGHUWRREWDLQPDWHULDOVZKLFKFDQKDYHDQLQIOXHQFHRQWKHZHOGVHDPTXDOLW\
GXHWRWKHFRQGLWLRQLQJW\SH
7DEOH&ODVVLILFDWLRQRIPDWHULDOVXVHG
$FURQ\P )LEHU 0DWUL[ $GGLWLYH 7KLFNQHVV
*)3(, +DUQHVVVDWLQZHDYH SRO\HWKHULPLGH  PP
*)3(,FE +DUQHVVVDWLQZHDYH SRO\HWKHULPLGH &DUERQEODFN PP

7KH ODVHU WUDQVSDUHQW SDUW FRQVLVWHG RI  OD\HUV IDEULF DQG KDG D WUDQVPLVVLYLW\ RI  DW DZDYHOHQJWK RI
Ȝ QP7KHPDWHULDOZDVFXWLQWRVDPSOHVZLWKDJHRPHWU\RID[E [PPðDQGZHUHSODFHGLQRYHUODS
FRQILJXUDWLRQIRUZHOGLQJ
7KHZHOGLQJZDVFRQGXFWHGZLWKWZRGLIIHUHQWGLRGHODVHUVHPLWWLQJDWȜ QP7KHPD[LPXPRXWSXWSRZHU
RI RQH ODVHU ZDV 3 : DQGZDV FRQQHFWHG WR D VFDQQHU RSWLF JHQHUDWLQJ D IRFDO SRLQW ZLWK D GLDPHWHU RI
G PP)LJD7KHVHFRQGODVHUKDGDPD[LPXPRXWSXWSRZHURI3 :DQGZDVFRQQHFWHGE\DQRSWLFDO
ILEHUWRDKRPRJHQL]HGRSWLFJHQHUDWLQJDIRFDOSRLQWZLWKWKHGLPHQVLRQRID[E [PPð)LJE


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
)LJ([SHULPHQWDOVHWXS
$OO H[SHULPHQWVZHUH FRQGXFWHG E\ FRQWRXUZHOGLQJZLWK DZHOGLQJ VSHHGRI Y PPLQ DQGY PPLQ
UHVSHFWLYHO\3UHWHVWVZHUHSHUIRUPHGLQRUGHUWRGHWHUPLQHWKHODVHUSRZHUQHHGHGWRMRLQPDWHULDOV7KHPLQLPXP
ODVHUSRZHUZDVGHILQHGZKHQDFRQWLQXRXVZHOGVHDPZDVJHQHUDWHG7KHPD[LPXPSRZHUZDVVHWZKHQYLVLEOH
GDPDJHRIWKHPDWUL[PDWHULDORFFXUUHGGXHWRSURFHVVWHPSHUDWXUHVWKDWZHUHWRRKLJK
5HVXOWVDQG'LVFXVVLRQ
)LUVWVDPSOHVZHUHFRQGLWLRQHGLQGLVWLOOHGZDWHUIRUGD\VDQGWKHQFRPSDUHGWRWKHGU\VDPSOHV,QRUGHUWR
GHWHUPLQHWKHLQIOXHQFHRIWKHODVHUSRZHURQWKHODSVKHDUVWUHQJWKDQGWKHZHOGVHDPDUHDGLIIHUHQWODVHUSRZHUV
ZHUHDSSOLHGDWDZHOGLQJVSHHGRIY PPLQDQGDIRFDOSRLQWGLDPHWHURIG PP)LJXUHDGHSLFWV WKH
DYHUDJHVHDPVWUHQJWKRIGU\DQGZHWVDPSOHV


)LJ$YHUDJHVHDPVWUHQJWKDQGZHOGVHDPDUHDIRUZHWDQGGU\ODSVKHDUVDPSOHVZHOGHGZLWKDVSHHGRIY PPLQDQGDIRFDOSRLQW
GLDPHWHURIG PP
,WFDQEHVHHQ WKDW WKHVHDPVWUHQJWKRI WKHGU\VDPSOHVDWD ODVHUSRZHURI3 :LVKLJKHU WKDQ WKHVHDP
VWUHQJWKRIWKHZHWVDPSOHV'XULQJWKHZHOGLQJRIWKHZHWVDPSOHVSDUWRIWKHDSSOLHGODVHUHQHUJ\YDSRUL]HVWKH
PRLVWXUH LQ WKHPDWHULDO DQGGRHVQRW FRQWULEXWH WR WKH DFWXDOZHOGLQJSURFHVV FDXVLQJ ORZHU WHPSHUDWXUHV LQ WKH
ZHOGVHDPFRUUHVSRQGLQJWR>@7KLVFDQDIIHFWWKHGXUDWLRQRIWKHOLTXLGSKDVHZLWKLQWKHZHOGVHDPDQGVRWKH
VHDPVWUHQJWK>@
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)LJXUH E VKRZV WKDW WKH ZHOG VHDP DUHD IRU WKH ZHW VDPSOHV LV KLJKHU WKDQ WKH DUHD RI WKH GU\ VDPSOHV DW
3 : 7KLV FDQ EH EDVHG RQ VFDWWHULQJ HIIHFWV GXH WR WKH FDYLWLHV JHQHUDWHG E\ WKH YDSRUL]LQJ PRLVWXUH
7KHUHIRUH WKH UDGLDWLRQ LV DEVRUEHG RYHU D ODUJHU DUHD ZKLFK FDQ DIIHFW WKH ZHOG VHDP WHPSHUDWXUH DQG WKH
WLPHIUDPHWKDW WKHWKHUPRSODVWLFVWD\VLQ WKHOLTXLGSKDVHDIWHU WKHODVHUEHDPKDVPRYHGRQ,W LVNQRZQWKDW WKH
ZHOGVHDPVWUHQJWKVLJQLILFDQWO\GHSHQGVRQWKHWLPHIUDPHRIWKHOLTXLGSKDVH>@$QRWKHUSRVVLELOLW\LVWKDWWKH
ZHOGVHDPDUHDZDVHQODUJHGE\YDSRUL]HGPRLVWXUHOHDYLQJWKHPDWHULDODQGKHDWLQJXSWKHVXUURXQGLQJDUHDVEXW
QRHYLGHQFHIRUWKLVZDVREVHUYHG
:LWKLQFUHDVLQJSRZHUWKHVHDPVWUHQJWKVOLJKWO\GHFUHDVHVIRUWKHGU\VDPSOHV7KLVFDQEHGXHWRRYHUKHDWLQJRI
WKHPDWUL[PDWHULDO LQ WKHZHOG VHDPZKLFK OHDGV WR WKHJHQHUDWLRQRIFDYLWLHVDQGZHDNHQV WKHZHOGVHDP7KLV
HIIHFWLVNQRZQIRUODVHUWUDQVPLVVLRQZHOGLQJIRUXQUHLQIRUFHGDQGHQGOHVVJODVVILEHUUHLQIRUFHGWKHUPRSODVWLFV>
@7KHVHDPVWUHQJWKRI WKHZHW VDPSOHV LQFUHDVHVZLWK LQFUHDVLQJSRZHU7KHPRLVWXUH LQ WKHPDWHULDO VWDUWV WR
YDSRUL]HGXULQJWKHZHOGLQJSURFHVVVRSDUWRIWKHSURFHVVKHDWLVORVWIRUWKHDFWXDOZHOGLQJSURFHVV7KLVHIIHFWKDV
DKLJKHULQIOXHQFHIRUORZODVHUSRZHUV)RUWKHGU\DQGZHWVDPSOHVWKHZHOGVHDPDUHDLQFUHDVHVZLWKLQFUHDVLQJ
SRZHU7KHRIIVHWEHWZHHQGU\DQGZHWVDPSOHVVWD\VDOPRVWFRQVWDQWIRUYDU\LQJODVHUSRZHUV7KHVHDPVWUHQJWK
UHODWLQJWRWKHZHOGVHDPDUHDUHVXOWVLQGLIIHUHQWODSVKHDUVWUHQJWKVıIRUWKHGU\DQGZHWVDPSOHVGHSHQGLQJRQWKH
ODVHUSRZHUDVJLYHQLQWKHJUDSKD)RUWKHORZHVWODVHUSRZHUWKHGLIIHUHQFHEHWZHHQWKHODSVKHDUVWUHQJWKEHWZHHQ
ZHWDQGGU\VDPSOHVLVı 03DZKLFKLVKLJKFRPSDUHGWRWKHUHVXOWVZLWKWKHKLJKHVWODVHUSRZHUı 03D
)XUWKHUPRUHWKHVKHDUVWUHQJWKGHFUHDVHVZLWKLQFUHDVLQJODVHUSRZHUIRUWKHZHWDQGGU\VDPSOHVGXHWRDKLJKHU
LQFUHDVHRIWKHZHOGVHDPDUHDFRPSDUHGWRWKHVHDPVWUHQJWK,QRUGHUWRFODULI\WKHIXQGDPHQWDOHIIHFWVGXHWRWKH
FRQGLWLRQLQJDQGWKHFKRVHQZHOGLQJSDUDPHWHUVWKHVHDPVWUHQJWKDQGWKHZHOGVHDPDUHDDUHVHSDUDWHO\H[DPLQHG
DQGQRWWKHVKHDUVWUHQJWKZKLFKLVMXVWWKHUDWLRRIVHDPVWUHQJWKDQGZHOGVHDPDUHD)XUWKHUPRUHIRULQGXVWULDO
DSSOLFDWLRQVWKHZHOGVHDPDUHDLVJLYHQE\WKHGHVLJQRIWKHSDUWVWKHUHIRUHIRUDGHILQHGZHOGVHDPDUHDLWLVWKH
UHDFKDEOHZHOGVHDPVWUHQJWKZKLFKLVRIKLJKUHOHYDQFH
'XULQJWKHZHOGLQJSUHWHVWZLWKWKHODUJHVSRWRID[E [PPðWKHSURGXFHGODSVKHDUVDPSOHVEURNHLQ
WKH ODVHU WUDQVSDUHQWSDUWDQGQRW LQ WKHZHOGVHDP7KHUHIRUHDQ LQIOXHQFHRI WKHFRQGLWLRQLQJ W\SHDQG WKH ODVHU
SRZHUUHVSHFWLYHO\FRXOGQRWEHGHWHUPLQHG1H[WSDUWRIWKHODVHUEHDPZDVFRYHUHGLQRUGHUWRJHQHUDWHDIRFDO
SRLQWZLWKWKHGLPHQVLRQRID[E [PPð/DSVKHDUVDPSOHVZHOGHGZLWKWKLVUHGXFHGIRFDOSRLQWZLGWKEURNH
LQWKHZHOGVHDPDQGWKLVDOORZVDGHWHUPLQDWLRQRIDGLIIHUHQFHEHWZHHQWKHFRQGLWLRQLQJW\SHDQGWKHODVHUSRZHU
)LJXUHVKRZVWKHVHDPVWUHQJWK)LJDDQGZHOGVHDPDUHD)LJERIODSVKHDUVDPSOHVZHOGHGZLWKPPLQ
DQGYDU\LQJODVHUSRZHUV$JDLQWKHZHWVDPSOHVZHUHFRQGLWLRQHGIRUGD\VLQGLVWLOOHGZDWHU


)LJ$YHUDJHVHDPVWUHQJWKDQGZHOGVHDPDUHDIRUZHWDQGGU\ODSVKHDUVDPSOHVZHOGHGZLWKDVSHHGRIY PPLQDQGDIRFDOSRLQW
JHRPHWU\RID[E [PPð
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7KHVHDPVWUHQJWKIRUWKHZHWVDPSOHVLVKLJKHUWKDQIRUWKHGU\VDPSOHVDWORZODVHUSRZHUV7KLVFDQEHGXHWR
RYHUKHDWLQJRIWKHGU\PDWHULDOFDXVLQJFDYLWLHVLQWKHFRQQHFWLRQDUHD,QWKHZHWPDWHULDOSDUWRIWKHODVHUHQHUJ\
YDSRUL]HV WKHPRLVWXUH DQG VR OHVV HQHUJ\ LV DYDLODEOH IRU WKH DFWXDOZHOGLQJSURFHVV DV LWZDV DOVRGHVFULEHGE\
:LSSRHWDO>@)XUWKHUPRUHWKHZHOGVHDPDUHDIRUWKHZHWVDPSOHVLVODUJHUWKDQIRUWKHGU\VDPSOHV7KLVLV
WKHVDPHHIIHFWREVHUYHGIRUWKHUHVXOWVRI WKHODSVKHDUVDPSOHVZHOGHGZLWKDIRFDOSRLQWGLDPHWHURIG PP
7KHODVHUUDGLDWLRQZDVVFDWWHUHGLQWKHODVHUWUDQVSDUHQWSDUWGXHWRFDYLWLHVJHQHUDWHGE\YDSRUL]LQJPRLVWXUH
7KXV WKH LUUDGLDWHG DUHD RI WKH DEVRUELQJ SDUW LQFUHDVHV DQG VR WKH DPRXQW RI UDGLDWLRQ SHU DUHD UHDFKLQJ WKH
DEVRUELQJSDUWGHFUHDVHV:LWKLQFUHDVLQJODVHUSRZHUVWKHZHWDQGWKHGU\VDPSOHVREWDLQVLPLODUVHDPVWUHQJWKV
ZKLOHWKHRIIVHWRIWKHZHOGVHDPDUHDVWD\HGDOPRVWFRQVWDQW
:LWKWKHEDVLFFRQGLWLRQRIKDYLQJDODWHUSDUWGHVLJQDOORZLQJWKHPD[LPXPZHOGVHDPDUHDDQGPD[LPXPZHOG
VHDP ZLGWK WKHVH SDUDPHWHUV FRXOG EH XVHG LQ RUGHU WR REWDLQ FRQVWDQW VHDP VWUHQJWK LQGHSHQGHQW RI WKH
FRQGLWLRQLQJ W\SH ,Q D GHWDLOHG LQYHVWLJDWLRQ VDPSOHV ZLWK GLIIHUHQW FRQGLWLRQLQJ WLPH IUDPHV DQG FRQGLWLRQLQJ
W\SHV$+ZHWZHUHZHOGHGZLWKWKHVDPHSDUDPHWHUVRIY PPLQDQG3 :)LJXUHVKRZVWKHVHDP
VWUHQJWKRI WKHZHW DQG$+VDPSOHV7KHVH UHVXOWV DUH IOXFWXDWLQJ DURXQG) 1DQGDUH LQGHSHQGHQWRI WKH
FRQGLWLRQLQJGD\V


)LJ$YHUDJHVHDPVWUHQJWKIRUZHWDQG$+RYHUODSVDPSOHVZHOGHGDIWHUGLIIHUHQWQXPEHURIFRQGLWLRQLQJGD\VVSHHGY PPLQODVHU
SRZHU3 :IRFDOSRLQWJHRPHWU\D[E [PPð
)RUPRUHGHWDLOHG LQIRUPDWLRQDERXW WKH LQIOXHQFHRI WKHFRQGLWLRQLQJSURFHVV VDPSOHVZLWKDQGGD\VRI
FRQGLWLRQLQJZHUH SUHSDUHG LQ RUGHU WR HYDOXDWH VHDP VWUHQJWK UHVXOWV RI ILJXUH  7KHUHIRUH DZHOGLQJ VSHHG RI
Y PPLQ DQG D ODVHU SRZHU RI 3 : ZDV FKRVHQ 7KXV RSWLFDO PLFURJUDSKV RI FURVV VHFWLRQV ZHUH
SUHSDUHGIRUZHWDQG$+VDPSOHVDVZHOODVIRUGU\VDPSOHVDVUHIHUHQFH)LJ7KHFDYLWLHVJHQHUDWHGGXULQJWKH
ZHOGLQJSURFHVVDUHORFDWHGDURXQGWKHZHOGVHDP)RUWKHGU\VDPSOHVWKHFDYLWLHVDUHIRXQGFORVHUWRWKHLQWHUIDFH
EHWZHHQERWKSDUWVDVIRUWKH$+DQGZHWVDPSOHV7KHPDLQLQIOXHQFHVRQWKHZHOGVHDPVWUHQJWKKDYHWKHFDYLWLHV
GLUHFWO\LQWKHLQWHUIDFHZKHUHWKHORDGWUDQVPLVVLRQWDNHVSODFH7KHFDYLWLHVIXUWKHUDZD\IURPWKHLQWHUIDFHRIWHQ
KDYHQRGLUHFWFRQQHFWLRQWRWKHLQWHUIDFHEHFDXVHRIWKHJODVVILEUHEXQGOHVDQGKDYHDVPDOOHUHIIHFWRQWKHVHDP
VWUHQJWK2YHUDOO LW KDV WR EH VWDWHG WKDW IRU WKH FKRVHQZHOGLQJ SDUDPHWHUV WKH RSWLFDO DSSHDUDQFH RI WKHZHOG
VHDPV DUH VLPLODU DV LW LV IRU WKH VHDP VWUHQJWKV 7KH RSWLFDO DSSHDUDQFH FDQQRW EH FOHDUO\ DVVLJQHG WR HLWKHU
RYHUKHDWLQJRIWKHPDWUL[PDWHULDOYDSRUL]LQJRIPRLVWXUHRUDFRPELQDWLRQRIERWKHIIHFWV


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
)LJ2SWLFDOPLFURJUDSKVRIFURVVVHFWLRQVIRUGU\ZHWDQG$+VDPSOHVZHOGHGZLWKDVSHHGRIY PPLQDQGDODVHUSRZHURI3 :
ZLWKDIRFDOSRLQWJHRPHWU\RID[E [PPð
,QRUGHUWRGHWHUPLQHWKHLQIOXHQFHRIWKHZHOGLQJVSHHGRQWKHZHOGVHDPTXDOLW\RIGU\VDPSOHVDQGIRUVDPSOHV
VRDNHGIRUGD\V LQGLVWLOOHGZDWHU WKHZHOGLQJVSHHGZDV LQFUHDVHG WRY PPLQ IRUFRQWRXUZHOGLQJZLWKD
IRFDOSRLQWGLPHQVLRQRID[E [PPð'XHWRWKHLQFUHDVHLQVSHHGWKHDYHUDJHVHDPVWUHQJWKZDVORZHUWKDQ
IRUWKHVDPSOHVZHOGHGZLWKORZHUVSHHG)LJD)LJD%DVHGRQWKHKLJKHUZHOGLQJVSHHGWKHZHOGVHDPLVLQ
WKHOLTXLGSKDVHIRUDVKRUWHUWLPHIUDPH6RWKHSRO\PHUPROHFXOHVKDYHOHVVWLPHWRLQWHUDFWZLWKHDFKRWKHUZKLFK
UHGXFHVWKHZHOGVHDPVWUHQJWK)XUWKHUPRUHWKHWLPHIUDPHLVUHGXFHGGXULQJZKLFKWKHPRLVWXUHLVYDSRUL]HGDQG
FDQGLIIXVHRXWRIWKHPDWHULDO7KLVPLJKWEHWKHUHDVRQWKDWWKHVHDPVWUHQJWKRIWKHZHWDQGGU\VDPSOHVVKRZDQ
DOPRVWFRQVWDQWRIIVHWLQWKHDYHUDJHVHDPVWUHQJWKDQGGRQRWFRQYHUJHOLNHWKHVDPSOHVZHOGHGZLWKDVSHHGRI
Y PPLQWKDWZHUHIRXQGWREHLQGHSHQGHQWRIWKHIRFDOSRLQWJHRPHWU\)LJDDQGVRDFRQVWDQWLQIOXHQFHRI
WKHFRQGLWLRQLQJW\SHLVYLVLEOH


)LJ$YHUDJHVHDPVWUHQJWKDQGZHOGVHDPDUHDIRUZHWDQGGU\ODSVKHDUVDPSOHVZHOGHGZLWKDVSHHGRIY PPLQDQGDIRFDOSRLQW
JHRPHWU\RID[E [PPð
 V. Wippo et al. /  Physics Procedia  83 ( 2016 )  1064 – 1072 1071
)XUWKHUPRUHWKHZHOGVHDPDUHDLQFUHDVHVIRUWKHZHWDQGGU\VDPSOHVLQDVLPLODUZD\DVIRUWKHVORZHUZHOGHG
VDPSOHV)LJE)LJE7KHDYHUDJHRIIVHWǻ$ZHUHFDOFXODWHGE\

οܣ ൌ ȁ஺ೢభି஺೏భȁାȁ஺ೢమି஺೏మȁାڮାȁ஺ೢ೙ି஺೏೙ȁ
௡
   

ZLWKDYHUDJHZHOGVHDPDUHD$ZQIRUWKHZHWVDPSOHVDQGDYHUDJHZHOGVHDPDUHD$GQIRUWKHGU\VDPSOHV

7KH DYHUDJH RIIVHW IRU WKH VDPSOHV ZHOGHG ZLWK WKH ODUJH IRFDO JHRPHWU\ DUH ǻ$PPLQ PPð IRU
Y PPLQDQGǻ$PPLQ PPðIRUY PPLQ)RUWKHVPDOOIRFDOSRLQWZLWKDGLDPHWHURIG PPWKH
RIIVHWLVǻ$PPLQ PPðIRUY PPLQ7KLVOHDGVWRWKHGHGXFWLRQWKDWWKHRIIVHWLVPDLQO\LQIOXHQFHGE\
WKHIRFDOJHRPHWU\DQGLWVHQHUJ\GLVWULEXWLRQDQGOHVVHIIHFWHGE\WKHZHOGLQJVSHHG
&RQFOXVLRQ
7KH LQIOXHQFH RI PRLVWXUH LQ JODVV ILEHU IDEULF UHLQIRUFHG SRO\HWKHULPLGH RQ WKH ZHOG VHDP TXDOLW\ RI ODVHU
WUDQVPLVVLRQZHOGHGVDPSOHVZDVLQYHVWLJDWHG)RUWKHVHLQYHVWLJDWLRQVWZRGLIIHUHQWIRFDOJHRPHWULHVZHUHDSSOLHG
DVZHOODVGLIIHUHQWZHOGLQJSDUDPHWHUV7KHVHDPVWUHQJWKRIZHWDQGGU\VDPSOHVFRQYHUJHIRUKLJKODVHUSRZHUVDW
DZHOGLQJVSHHGRIY PPLQLQGHSHQGHQWRIWKHIRFDOSRLQWJHRPHWU\7KHVHSDUDPHWHUVZRXOGDOZD\VJHQHUDWH
DZHOGVHDPZLWKWKHVDPHVWUHQJWKLQGHSHQGHQWRIWKHFRQGLWLRQLQJW\SHRIWKHPDWHULDOZKLFKLVRILQWHUHVWIRUWKH
SURGXFWLRQRIUHDOSDUWVZLWKYDU\LQJVWRUDJHWLPHV1RWLFHDEOHLVWKDWWKHZHOGVHDPDUHDIRUZHWVDPSOHVDUHODUJHU
WKDQIRUWKHGU\VDPSOHVZKLFKZRXOGKDYHWREHWDNHQLQWRDFFRXQWIRUWKHSDUWGHVLJQ7KHDYHUDJHRIIVHWEHWZHHQ
ZHWDQGGU\VDPSOHVLVǻ$PPLQ PPðIRUZHOGLQJZLWKDODUJHD[E [PPðDQGǻ$PPLQ PPð
IRUZHOGLQJZLWKDIRFDOSRLQWZLWKDGLDPHWHURIG PP,IWKHZHOGLQJVSHHGLVLQFUHDVHGWRY PPLQWKHRII
VHWLQWKHZHOGVHDPDUHDVWD\VDOPRVWFRQVWDQWǻ$PPLQ PPðZKLOHXVLQJWKHODUJHIRFDOJHRPHWU\7KLVOHDGV
WR WKH GHGXFWLRQ WKDW WKH RIIVHW LVPDLQO\ LQIOXHQFHG E\ WKH IRFDO JHRPHWU\ DQG LWV HQHUJ\ GLVWULEXWLRQ DQG OHVV
HIIHFWHGE\WKHZHOGLQJVSHHG
$FNQRZOHGJHPHQWV
7KH DXWKRUVZRXOG OLNH WR WKDQN WKH )HGHUDO0LQLVWU\ IRU (FRQRPLF$IIDLUV DQG(QHUJ\ %0:, IRU IXQGLQJ
WKHVH LQYHVWLJDWLRQV ZLWKLQ WKH SURMHFW .$6, ).= .- RI WKH *HUPDQ IHGHUDO DHURQDXWLFDO UHVHDUFK
SURJUDP
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